We calculate the effect of new, CP violating, interactions parameterized by an anomalous tbW coupling on CP -odd observables in B decays. We find that couplings consistent with current bounds can significantly modify the standard model predictions for some CP asymmetries that will be measured in B factories. For example, the three-generation standard model relation α + β + γ = π could have corrections as large as 15%.
Introduction
The top quark is significantly heavier than the other five quarks. This has generated speculation that perhaps it plays a fundamental role in the breaking of electroweak symmetry [1, 2] . Models that incorporate this idea contain four-fermion operators that involve the third generation of quarks and perhaps exotic new fermions such as techniquarks.
At energy scales near the W mass, this type of new theories give rise to interactions between the t and b quarks and the electroweak gauge bosons W and Z that may deviate significantly from their standard model values. Such interactions are conveniently described by an effective Lagrangian [3] .
In this note, we study the effects of the simplest CP -violating coupling in the effective Lagrangian to CP -odd observables in B decays. The CP conserving indirect effects of this coupling have been studied before in the literature [4] . There are also studies of direct measurements of the tbW coupling in future Tevatron experiments [5] . CP violating interactions beyond the standard model have also been studied in detail for B decays [6] . However, the specific scenario that we discuss here has not been studied previously.
High Energy Effective Lagrangian
We assume that whatever is responsible for generating the non-standard model top quark couplings occurs at a high energy scale Λ, perhaps a few T eV . We also assume that this physics is responsible for the breaking of electroweak symmetry and that there is no light Higgs boson. We, therefore, use a non-linear effective Lagrangian to describe the physics at the W scale. Furthermore, in accordance with the prejudice that it is only the top-quark that plays a role in the new physics, we consider only the couplings of top and bottom quarks to W and Z gauge bosons.
To write the effective Lagrangian that describes the interactions of fermions to the electroweak gauge bosons we follow the formalism of Peccei and Zhang [3] . We consider only the lowest order couplings that can violate CP , and we do not include dipole moment type couplings of the top to the Z since these have been studied before in the literature [7] . In unitary gauge we have:
The new interaction effects are parameterized by the real couplings κ L and κ R and the new phases φ L,R . These phases contain the information on CP violation that may exist in the new theory. For simplicity we assume that the form Eq. 1 occurs only in the tbW coupling ignoring any possible effects on tsW and tdW due to CKM mixing. Eq. 1 contributes to observables in B decays at one-loop order. However, we will not include in our calculation any additional effective operators that may be needed in a complete effective field theory to act as counterterms at one-loop. Instead we resort to estimating the order of magnitude of the effects by keeping either the oneloop contribution from Eq. 1 when it is finite; or the leading non-analytic term when it is divergent [8] . Therefore, our results will depend on the naturalness assumption that contributions from different couplings do not cancel each other. This is similar in spirit to the bounds that are placed on new gauge boson self interactions from LEP observables [9] .
Low Energy Effective Interactions
In this section we present the results of the one-loop order contributions of Eq. 1 to a low energy effective Lagrangian appropriate for the study of B decays. Two types of terms are generated corresponding to effective |∆b| = 1, 2 transitions.
We perform a one-loop calculation of the new physics effects and retain terms linear and quadratic in the small parameters that represent the new physics κ L,R . Of course, our formalism is based on the assumption that the new couplings are small corrections to the minimal standard model couplings and thus the linear terms dominate the quadratic terms whenever our formalism is valid. We keep the quadratic terms only when there is not a linear term. Since the bounds we obtain are based on naturalness assumptions, among them that there are no cancellations between different contributions to the physical observables, they can be applied to leading quadratic terms as well.
For the |∆b| = 2 transition we compute the usual box diagrams but with the btW coupling modified as indicated in Eq. 1. In this case our result is divergent because the new interaction explicitly violates GIM. In the language of effective field theories these divergences would be absorbed by higher dimension counterterms. Instead of including all these counterterms and performing a complete calculation, we will simply estimate the order of magnitude of the effect using the leading non-analytic term [8] .
With this in mind, our resulting low energy interaction is:
We use D to denote either a strange or down quark and, for comparison, we have included the standard model result as the first term [10] :
For the |∆b| = 1 transition we compute the standard gluonic penguin but use the complete interaction of Eq. 1 for the tbW coupling. After we add to the gluonic penguin the factors corresponding to wave function renormalization for the external fermions, we obtain the finite result:
where,again, D stands for either a strange or down quark, and the form factors are:
The form factor in the left-handed coupling, F L (x t ), is the same one that occurs in the minimal standard model. This is not surprising in view of Eq. 1. The additional term, 1/9, is present because the new interaction does not have a GIM mechanism. For the same reason there is the term 1/6 in F R .
CP Violation in neutral B decays
With the results of the previous section it is straightforward to estimate the effects of the new phases in the CP asymmetries that will be studied in the B factories. The general analysis of these CP asymmetries has been reviewed in Ref. [11] . It contains many subtleties associated with eliminating uncertainties from hadronic matrix elements. All these issues are very important for detailed studies at B factories but are not central to our discussion. The simplest way to estimate the potential size of the effect due to the new phases is to look at processes with mixing induced CP violation that are dominated by a tree-level amplitude.
1 In this case the quantity of interest is (in the standard notation of [11] ):
where the first factor corresponds to the standard model value and the second factor is the modification due to the new phases:
The factor 5/8(M B /m b ) 2 for the right handed coupling takes into account the difference in the hadronic matrix elements using factorization and vacuum insertion.
Numerically, we can use m t = 175 GeV , and µ = 1 T eV to find:
Since we assumed that the only new interaction is of the form shown in Eq. 1, there is no corresponding modification for mixing in the K or D systems. Strictly speaking, φ Box , may have a different value for B d and B s because, in principle, the two amplitudes may have different counterterms. In our approximation we are ignoring the counterterms and keeping only the leading logarithm so we end up with the same φ Box for B d and B s . This is sufficient to study the decay modes with tree-level dominated amplitudes (or after penguin effects are somehow disentangled). For example, the modes
and B s → ρK s could be used to measure the angles α, β and γ [11] . With our new phases they would really measure the combinations:
If this method were used to measure α, β and γ one would then find:
We can now look at the possible size of the new effects. Experimental constraints on κ R from b → sγ [4] make its contribution much smaller than that of κ L . The current constraints on κ L allow for values as large as κ L ∼ 0.2 [4] . A value of κ L this large could then produce deviations from the standard model relation α+β +γ = π as large as 15% if the new phases are of order one. We should point out that a value of κ L as large as 0.2 would change the B − B mixing amplitude with respect to its standard model value by about 50%. This is well within the current theoretical uncertainty in the standard model calculation due to the hadronic form factors f 2 B B B [13] . For decays in which penguin amplitudes cannot be ignored, our model produces an additional phase in the decay amplitudes. For purely penguin dominated modes one would have (using the same values of m t and µ as before and in the notation of [11] ):
which could also be a substantial correction to the standard model value. The general analysis of B decays is of course more complicated than what we have sketched. One needs to consider both the tree and loop contributions to the decay amplitudes as well as QCD corrections. Furthermore there is an interplay between the new phase induced in the mixing and the one induced in the decay amplitude. This is significantly complicated by the uncertainties in estimating hadronic matrix elements, and of particular importance for modes such as B d → ππ. In addition, the matrix elements associated with the left and right handed couplings will be different. We defer a more detailed analysis to a future publication.
In conclusion we have found that CP asymmetries in B decays are in principle sensitive to new CP violating phases of the type shown in Eq. 1. This is theoretically interesting because models of electroweak symmetry breaking in which the top-quark plays a special role may give rise to this type of interactions. The preliminary analysis of Peccei and Zhang [3] indicates that it is unlikely to have κ L,R as large as 0.2, and we do not know of any theoretical estimate for the size of phases like φ L,R . We expect to address these issues in a future publication. In spite of this, our result is phenomenologically interesting because the effects could be large enough to distinguish from standard model CP violation in future experiments at a B factory.
